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INKESTIGATION AT LOW SPEEXS OF TEE EZ?E'ECT OF ASPECT 

RATIOANDSWEFZ ONROLLING STARILI!IY 

IERIKATIVXS OF UNTApEIiED WINGS 

By Alex Goodman and Lewie R. Fisher 

A low-scale wind-tunnel investigation was conducted in rolling flow 
to de-be-0 the effects of aspect ratio and sweep (when varied independ- 
ently) on the rolling stability derivatives for a series of untapered 
wings. The rolling-flow equipnt of the Langley stability tunnel was 
used fox the tests. 

The results of the teats indicate that when the aspect ratio is 
held constant, an increase in the sweepback angle causes a significant 
reduction in the damping in roll at 1~ lift coefficients,for cnly the 
higher aspect ratios tested. This result is in agreement with available 
swept-wing theory which indicates no effect of sweep for aspect ratios 
near zero. The result pf the linear theory that the d&ping,in roll is 
independent of lift coefficient and that the yawing moment and lateral 
force due to rolling are directly proportional to the lift coefficient 
was fcund to be valid for only a very limited lift-coefficient range 
when the wings were highly swept. For such wings, the damping was 
found to increase in magnitude and the yawing moment due to rolling, to 
change from negative to positive at moderate lift coefficients. 

The effect of wing-tip suction, not accounted for by present theory, 
was found to be very important with regard to the yawing moment due to 
rolling, particularly for low-aspect-ratio swept wings. An empirical 
means of correcting present theory for tie effect df tip suction is 
suggested. 

The data of the present investigation have been used to develop a 
method of accounting for the effects of the drag on the yawing moment 
due to rolling throughout the lift range. 

INTROIXJCTION 

In order to estimate the dynamic flight characteristics of an air- 
pIa&, a howledge of the stability derivatives ia necessary. The static- 
stability derivatives are easily determined frcm conventional wind-tunnel 
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tests. The rotary derivatives, however, have usually been estdmated-in 
the past frcm available theory because of the lack of a convenient 
experimsntal technique. Such a technique has been developed, and the 
rotary derivatives can now be eae.ily deterlmtned by the utilization of 
the curved-flow and rolling-flow equfpnt in the Langley stability 
-tunnel. This equQmen.t is being utilized for the purpose of determining 
the effects of various geometric variables an the rotary and static 
stability characteristics of w5ngs and camplete a-lane configurations. 
The method of determIning the rolling derivatives by means of the rolling- 
flow equimntis described In reference 1. 

The present paper gives results of tests made to de-tee the 
effects of tidependent variaticms of aspect ratio and sweep on the rolling 
derivatives of a series of untapered wings. The static and yawing deriva- 
tives determined for the same wings are reported in reference 2. Data 
obtained Fn the present investigaticxn have been used to derive an empirical 
correction to exist&g theory for evaluation of the derivative of yawin& 
manart due to rolling. 

SYMBOLS 

The data are presented Fn the form of standard IIACA coefficients of 
forces and moments, which are referred in all cases to the stability axes 
with the origin at-the quarter-chord point of the mean aerodynamic chord 
of the models tested. The positive directions of the force8, m,cments, 
and angular displacements are shown in figure 1. The coefficients and 
symbols used herein are definedas follows: 

CL 

CD 

% 

5 

cn 

lift coefficient (L/qS) 

drag coefficient (-X/qS) 

lateral-force coefficient (Y/qS) 

rolling-moment coefficient (L'/qSb) 

yawing-moment coefficient (R/qSb) 

L lift 

X longitudinal force 

Y lateral force 
. 

Z normal force 

L’ rolling moment 

N yawing moment 

i 
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9 

9 

X 

d 

X’ 

A 

x 

a 

A 

dpmiic pressure 
( J 

$pv' 

mass density of air 

free-stream velocity 

wing area 

span of wing, measured perpendicular to plane of symmetry 

chord of wing, measured parallel to plane of symmetry 

mean aerodynamic chord(g['2 c2 Q) 

distance measured perpendicular to plane of symmetry 

distance of quarter-chord point of any chordwise section frcm 
leading edge of root chord measured paraXLe to plane of 
symmetry 

distance frcm leading edge of root chord to wing aerodynamic 

center ($Jd""cx dy) 

longitudinal distance from midchord potit at wing tip to 
coordinate origin 

longitudinal distance rearwar d from coordinate origin (center 
of gravity) to wing aerodynamic center 

aspect ratio .(b2/S) 

taper ratio (Tip chord/Root chord) 

angle of attack, measured in plane of symmetry 

angle of sweep, degrees 

Pb /2V w--tip helix angle, radians 

P rolling war velocity, radians per second 

aCL 
%t=aa 
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The tests of the present investigation were conducted Fn the &foot- 
diam&er rolLing-flow test section oFthe Langley stability tunnel. 31 
this test sectian, roll* flight is simulated by rotating the air stream 
about a rigidly mounted model. (See reference 1.) 

The models tested consisted of-a series of untxperedwings, all of 
which had NACA 0012 airfoil sections ti planes norma& to the lead- edge. 
The model configurations are identified by the following designations: 

- ii 

Aspect ratio Sweepback 
bg) 

1 1.34 

2 1.34 3 1.34-- 2 

4- 2.61 5 2.61. 4; 
6 2.61 60 

2 5.16 5.16 
i 9 5.16 

The wing plan foxzu and other pertinentmodel data are presented 
in figure 2. -. F 

The models were rigidly mounted on a single stit-at the quazter- 
chord point of the mean aerodynamic chord. (See fig. 3.) .The forces aqd 
mcments were measured by means of electrical strain gages mounted on the 
strut. 
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All of the tests were made at a dynamic pressure of 39-7 pounds per 
square foot (Mach nmber of 0 -17) with the exception of the tests made 
onwLn@;9* The tests on this wing were made at a dpmic pressure of 
24.9 pounds per square foot (Mach number of 0 -13) because of the flexi- 
bility of the.,model. The Reynoldsnumbers for these tests are presented 
h table I. In the present investigation, tests were made through a 
range of rotor speeds corresp&ding to the values of pb/2V given in 
table I. --- Each model was tested through an angle-of-attack range from 
approximately zero lift up to and beyond maximum lift. 

As pert of this investigation, t;he effects of sharp-nose airfoil 
sections on. the rotary derivatives were also determined. The sharp-nose 
airfoil sections were simulated by attaching full-span leading-edge 
spoilers to wings 1 and 4 (fig. 2). 

CORKEXTIONS 

Corrections for the effects of jet boundaries, based on unswept- 
wing theory, have been applied to the angle of attack, drag coefficient, 
and rolling-m&n&coefficient data. 

No corrections for the effects of blocking, turbulence, or for the 
effects of static-pressure gradient on the boundary-layer flow have been 
applied. 

RESULTS MID DISCUSSION 

Presentation of Data 

The results of the present series of.tests are presented in figures 4 
to 17* The lift coefficient and drag coefficient not ideally associated 

CL2 with lift CD - z for the present series of wings are presented in 
figure 4 and were obtained from tests of reference 2. The rolling 
stability characteristics for the wings with and without spoilers are 
given in figures 5 to 8. The developmnt of -the method used to calculate 
the yawing moment due to rolling throughout the lift range is presented - 
in figures 9 to 15. A comparison between the experimental and calculated 
evalues of the yawing moment due to rolling is given in figures 16 and 17. 

Damplmg inRoll 

Results obtained for the damping in roll (fig- 5) show that for the 
low-aspect-ratio wings (A = 1.34 and 2.61) variations in the sweep angles 
produced rather irregular effects. At the lowest aspect ratio, the damping 
in roll of the wings with 45’ and 60' sweepback was greater than that of 
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the unswept-wing, and the difference was greater at high lift coefficients 
than at low lift coefficients. For auaspect-ratio of 2.61, the damping 
in roll increased abruptly at lift coefficients of about 0.3 and 0.6 for 
the 60~ and. 450 sweptback wInga, respectivelyj whereas, no abrupt change 
was noted for the unswept wing except at maximum lift. The abrupt changes 
in dm@ng in roll occur at approx3matel.y the liftcoefficients at-which 

?G2 the drag increment CD - rcA begins to increase. (See fig. 4(b) l ) 
Changes in the dampIng in roll (as well as in other rotary and static 
derivatives) might be expected because an Increase in the tire- 

CL2 ment CD - z should correspotid to the beginning of flow separation 
from some point on tie wing surface. Appreciably sharper breaks in the 

CL2 cUrvea Of CD - -- 
lCA 

were obtained for the sweptback wings having an 

aspect ratio of 5~6. (See fig. 4(c).) The breaks occur at lift coeffi- 
cients of about-O .3 and 0 -5 for the wings with 60' and 45’ sweepback, 
respecti.vely, which are in fair agreement with the lift coeffic%ents at 
which breaks occ...in the damping-in-roll curves' (fig. 5). 

An increase in Reynolds ntmiber, which would delay separation and 

CL2 consequent- cause the hxeases in CD - - 
KA 

to occur at nigher lift 

coefficients, probably would also extend the linear portions of the 
curves of damping in roll and of the other rotary derivatives. 

The experimental values of CZ,., for CL = 0 determined frcxn these 
testa axe ccmpared with the theore&al valu& obtained 
mate theory of reference 3 and by an aPplication of the 
Weissinger as presented in reference 4. (See fig. 6.) 
of czp for CL = 0 as given by reference 3 is 

from the apProxi- 
theory of 
The variation 

for CL = 0 is obtained f'rom the best available theory 

- or exPerimental data. A section-lift-curve slope of 5!-67 per radian was 
used for both the WeiesingeY and approximate theory ccmputations. In 
general, the expe$3mental data compare about-equally w&U with either of 
the theories. Roth theories indicate a decreased effectif sweep as the 
aspect ratio is reduced, although the variations indicated by reference 4 
appear to be somewhat more reliable than those indicated by reference 3, - 
particularly at low aspect ratios. 

. 
. 

. 

Full-span leading-edge spoilers tested on two unswept wings (wings 1 
and 4) had little effect on Ct p over a greater part, of the lift range. 

, 
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(See fig. 7 .) At high lift coefficients, a definite reversal in the sign 
of cz was obtained slightly before maxImm lift was reached. A rever- P. 
sal in the sign of C.2 P 

for the wdngs without spoilers could not be 
established because near maximum lift-the model vibrated so severely that 
accurate measurementscould not be made. 

Lateral Force Due to RolXng 

The derivative Cyp varies linearly with lift coefficient in most 
cases for only a ilmitea range of lift coefficients. 

I 
(See-fig. 8.) The 

slopes Cyp CL through zero lift are compared in figure 10 with values 
obkained by the approximate theory of reference 3. Both theory snd 
elrperiment indicate an increase in slope tith sweep for constant aspect 
ratio. The agreement between theory and expertirk is poor, 'however, at 
the lower aspect ratios. The theory of reference 3 a-s not account for 
the values of Cyp/Q, obtained at zero sweep. These values are presumed 
to be caused by tip suction (analogous to leading-edge suction discussed 
in reference 5). -IFor the wings considered, the effect of tip suction 
appears to be approximately Fnaependent of the sweep angle, because the 
differences between the experimental and theoretical curves are almost 
the ssme at all sweep angles, although the magnitude of the difference 
ticreases appreciably as the aspect ratio is reduced. !Ihe theory of low- 
aspect-ratio triangles presented In reference 5 Fnhicates that the con- 
tribution of tip suction to the derivative Cyp varies inversely as the 
aspect ratio. If the.same relationship is assumed to apply to the pre- 

811 empirical expression for the effect of 
~%%%'by plotting Gyp/a for zero sweep aga3nst 

tip suction can be 
l/A. Sucha 

plot, obtainea from the present data and from unpublished data on a 
tapered wing, is presented in figure 9. The data fall consistently 
below the curve indicated by reference 5 for low-aspect-ratio triangles 
but are in fair agreement wfth the foILLowIng empirical expression: 

0 32 1 =- 
% 

A 
Ad 

When this increment is added to the contribution caused by sweep, as 
given in reference 3, the following'equation results: 

%P -= A + 
% A+4 

Results calculated from equation (2) are compared in figure i0 with 
the experImenta results. The fact that good agreement is obtained is 
of little interest, since the same experimental results were usea to 
evaluate the empirical correction included Fn equation (2). The most 
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important application of the tip-suction increment of ckp is in 
connection with the derivative Cnp as discussed in the followFng 
sectican. - 

Yawing Moment Due to Rolling 

For the unswept wings w-lthout spoilers, wings 4 and 7, the variation 
of c, 

P 
with lift coefficient was approximately linear up to maximum 

lift coefficient. The variation Of Cnp with lift c&ficient for wing 1 
(without spoiler) was linear for only the l&-iift-coefficient range. 
(See fig. 11.) .The sharp leading-edge wings, as simulated by attaching 
full-span leading-edge spoilers to wings 1 and 4, yielded about the same 
values Of Cnp atlow lift coefficients as when no spoilers were 
attached. (See -fig. 7 .) At moderate lift coefficients, the spoilers 
caused a reversal in the sign of Cnpr and Cup beoame positive* This 
variatim is similar to the variation obtained with the swept wings. 
(See figs. 7 and ILL.) 

The values of-Cnp for the swept wings were proportional to the 
lift coefficient for cmly a limited range* At moderate lift coeffi- 
cients, Cn P reversed sign and assumed comparatively large positive - 
values. This change probably results f&m the high drag associated 
with partial separation. Aiso, the initial slope Cup/(& (fig. 13) 
increases as the aspect ratio decreases. The theory of references 3 and 6 
Indicates the opposite variation. A possible explanation for the observed 
trend might-be that-the tip-suctim contribution to the lateral force 
also contributes to the yawing moment. If the resultant tip-suction 
force is assumed to act at the midchord point-of the wing tip, a correc- 
tion to Cnp can easily be derived from the empirical expression pre- 
viously,obtained for the tip-suction force. The correction is 

acnP 
CL= 0 

C-YP & 
CL ob A=0 

where Cyp/CL .for A = O" if given by equation (1) and d, the longi- 
tudinal distance from the midchord point at the wing tip to the coordinate. 
origin, is 

dzb panA+ $ + x’ 

L 

._ .-- 

. 

. 
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where x' is the longitudinal distance rearwar a frcm the coordinate . 
origin (center of gravity) to the wing aerodynamic center. 
for untapered wings 

Therefore, 

AC! 
nP 

CL=- 

which when adaed to equation (31) of reference 3 gives 

(3) 

(4) 

The quantity 
bP/ ) CL0 was given as 

@P/cL}A=o~ 
in reference 3, 

but the new symbol is used herein since this qua&i'@ does not include 
tip suction. (Equation (3) does not reduce to zero at A =C'.) 

Equatim (4) has been used to construct the chart shown in figtie .l2. 

The symbol tAcnp)l 
CL 

inaicates that the chart applies only to that part 

Of Cnp contributed by the lift and Induced-drag forces. Fiv 13 
shows a comparison of the experimsntel'end calculated values of Cnp/~. 
The revised equation results ti appreciable improvement over the 
equation of reference 3. The agreement is very g00a for all the wings 
tested. 

AS Indicated by figure ll the curves of Cnp against CL axe 
linear over only a emall range for the swept wdngs because of the rise 
In drag at high lift coefficients. An equation which includes considera- 
tion of the effect of the drag for unswept wings is given in reference 7 
as 

where the value of K depends on the plan form of the w . Ifthe 
induced drag is separated from the profile drag, equation 5) can be 
written as 

C 
nP 

= 29 + Kbo), 6) 
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where 

For swept wings, the first term of equation (6) can presumably be 
replaced by equation (4) and, therefore, 

'?np = 

The increment of Cnp not associated with the lift or induced- 
drag foxes9 therefore, can be expressed as 

@nP>, =W, (8) 

(7) 

The value of the constant K canbe evaluatedempiricaUy, 
can be obt.aFnea by measuring the slopes of the curves 

plotted against angle of-attack in figure 4,.and 

( ) ACnP 2 =%- +Jl 

where C 
np 

is the experImental v&ue and 
( > 
AC 

51 
is obtained from 

figure 12. a evaluating (CD& any initial slope at zero lift was sub- 

tracted from the slope at‘a specific angle of attack because for the 
symmetrical wings considered, the initial slope must have resulted frasn 
support-strut interference. 

Values of" AC, 
( ) 

p 2 are plotted against CD0 
( ) 

in figure 14. The 
a 

slopes of the curves appear to depend on aspect ratio, but no consfstent 
variation with sweep angle exists. The average slopes of the data & 

I figure 14 are plotted against aspect ratio in figure 15. At high aspect 
ratios the value of the constant K approaches that given by Zimmerman 
(reference 7), but at low aspect ratios the empirical values are much 
higher. _ 

Equation (7) was used to calculate C np throughou-t;the lift range 
for the wings of the present Investigation and for several others _ 
(unpublished). The experimentalandcalculatedvalues of Cnp for these 
cases are presented in figures 16 and 17. 
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The wings cowidered in figure 16 EUZB the w3nga of the present invesh 
tigation which were used to develop the empirical corrections to the 
theory and., therefore, the fact that reascmably good agreement between 
calculations andexperlmsntxas obtainedmightnotbe cansideredw a 
valid verification of the method. The wU.gs considered in figure 17, 
however, include the unswept wings with leading-edge spoilers of the 
present investigation and certain additional wings from other unpublished 
investigations. In general, the agree-t shown in figure 17 is approxi- 
mately as good as that shown in figure 16. 
were tapered (taper ratio of 0.50 and 0.25). 

Twoof-thewingi3infigurel7 
The agreement obtainedwiti 

'theee tapered wings is approxb&ely as good as that obtained for 
untapered wings, in spite of the fact that the method was developed for 
untapered wings. 

CONClLTSIONs 

The results of low-scale wind-tunnel tests made in rolXng flow to 
determine the effects of aspect ratio and sweep (when varied ladepend- 
ently) on the rollinn stability derivatives for a series of untapered 
wings indicated the following conclusions: 

1. When the aspect ratio is held constant, an increase in the sweep- 
back angle causes a significant reduction in the damp- in roll at low 
lift coefficients for only tie higher aspect ratios tested. The result 
is: in agreement with available swept-wing theory which indicates no 
effect of sweep for aspect ratios neax zero. 

2. The resultoflinear theory that the damping inrollie We- 
pendent of the lift coefficient and that the yawing moment and lateral 
force due to rolling are directly proportional to the lift coefficient 
was found to be valid for only a very limited lift-coefficient range 
when the wWgs wwre highly swept. For suchwings, the dsmping inroll 
was found to increase in magnitude end the yawTng moment due to rolling, 
to change from negative to positive at moderate lift coefficients. 

3. The effect of wing-tip suction, not accounted for by present 
theory, was found to be very important with regard to the yawing moment 
due to rolling, particularly for low-aspect-ratio &ept wings. An 
empirical me- of correcting the present theory for the effect of tip . 
suction is awested. 

4. The data of the present investigation have been used to develop 
a method of accounting for the effects of the drag on the yawing mament 
due to rolling throughout the lift range. 

Langley Aeronautical Laboratory 
National Advieorg Collnnittee for Aeronautics 

Langley Air Force Base, Va., January 19, 1949 
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TABLE1 

TEST CONDrmIONs AND CONFlE~TIOI'?S 

Sweep 
w@e 
beg) 

0 

0 

0 

45 

45 

45 

60 

60 

60 

Aspect 
ratio 

1.9 
2.61 

5.16 

1.34 

2.61 

5.16 

1.34 

2.61 

5 .x6 

Reynolds nmiber 
based on c 

and V 

1*99 x 106 

l-39 

l 98 

l-97 
1=39 

-97 

l-37 

-76 

WFng-tip helix 
m&e, 
I&! 
2v 

0,*0.0149, *to.0448 

0, f,o208, f .oQ5 

0, + ~1288, zt .0664 

0, zic .0149, * .0446 

0, *.02X2, i .o619 

0, f.0288, *.0664 

0, i.0149 *to448 

0, f.0212, +.o619 

0, k-0355, *a064 
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. 

Figure l.- System of axes used. Positive directions of forcea, moments, 
and angles we indicated. 

. 
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Figure .2.- Phforrm of mmptbackwinga. NACAOO12pmflle (pewculartoleaaFngedge). 
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(a) Wing 2. A = 1.34; A = 45'. - 

Figure 3.- winse moutlted in the 6emt diameter rousngeti teat section af the 
LEqleY StabflltY tunnel. 
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(b) Wlq 8. A = 5.16; A = 45O. 

Figura 3.- conol.uded. 

. 
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(a) A = 1.34. 

Figure 4.- Veriatian with angle of attack of the aerodynamic 
characteristics of a series of swept wings. 
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/R m ” L 

. 
(t) A = 2.61. 

Figure 4.- Continued. 
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A 

.3 

2 

./ 

0 

(C) A = 5.16. 

Figure 4.- Concluded. 
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. 

Figure 5.- Variation of C2 with lift coefficient-; 
P 
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A=Z/ 

A=L5/6 

Figure 6.- Variation of C2 
P 

for zero lift with.meeP angle. 
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2 
qo 0 

-2 ’ I I t 1 

. 

- (a) A = O"; A = 1.34. 

Figure 7.- Effect of leadiwdge spoiler on the rolling derivatives of 
two unswept wings. 
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C ‘7P 

2 

./ 

0 

-2 0 .Z 4 .6 .8 LO 
L/f coe7%clenf, Q 

(b) A = o"; A = 2.61. 

Figure 7.- Concluited. 
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Ad34 

Figure 8.- Variation of Cyp with lift coefficient. 

. 

c 
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Figure g.- Variation of %p k with 1/A for several unswept wings. 
I 
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2 
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Figure 10.- Variation of with sweep angle. 
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cnp 

./ 

n 
, I , I 
1 I I I I ” 

-/ .I 

./ 

0 

Figure ll.- Vaxiation of C$ with lift coefficient. 



Figure 12.- 

-.4 

-5 

-.6 

Varia 

60 

I 

I 
I 

0 / 2 3 4 5 6 7 8 
Aspect rut/o, A 

.tlon of the incremnt of c"* (due to the lift and induced drag forces) WI 
aspect ratio. Equation (4). 

I . . 
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. 

- ---- Theory of reference 3 

0 

2? 

-Q 

Figure 13.- Variation of c"p CL 
I 

with meep ale. 



(a) A L 1.34s (b) A = 2.61. (c) A = 9.16. 

Figtxre 14.- Variatim of the Incmrmt of C np (in cremnt not aesociatied with Uft or induced drag 4 

forces) with Equation (8). 3 . 
Eii 
ki 

, 1 . . . * 
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Figure 15.-Va.riation of tith aspect ratio. 
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0 0 0 

:I 

0 0 

$I 

45 

60 

(a) A = 1.34. (a) A = 2.61, (c) A = 5.16. 

Figure 16.- vexlatfon of the erparwtal and calculated valU.38 of 
c"p with lift coefficient for 

a series of ewept winga, 

. . , 

W 
o\ 

. 
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0 
I I I 1-F7 I I I I 

Figure 17.- Comparison of additional experimental and calculated values 
of %p for several swept wings. 


